Abstract. We give a brief description of theoretical studies on multi-component systems and detailed discussions on systems with atom-to-molecule conversion. The conversion of two species of atoms into stable molecules through the Feshbach resonance assisted by stimulated Raman adiabatic passage in photoassociation is studied with the help of mean-field Langrange density. The conversion efficiency is large for the fully bosonic system as well as the boson-fermion mixture as long as the general two-photon resonance condition is satisfied.
Background introduction
The research interests on multi-component Bose system were earlier initiated from the study on spinor bosons [1] with two discrete internal degrees of freedom that come from the nearly degenerate hyperfine levels or other sources, for instance, trapped 87 Rb with two specific hyperfine levels being active [2] . Li and coworkers [3] studied one-dimensional SU(2) bosons with δ-function interactions. They used Bethe ansatz to obtain the ground and low-lying state spectra with definite quantum numbers, and showed that the ground state is fully isospin polarized and there is a quadratic spin wave mode. Yang and Li [4] proved rigorously that for a large class of real Hamiltonians, the ground state is a fully isospin polarized state. It was demonstrated [5, 6, 7] that the multi-component bosonic systems have much richer physics than their single-component counterpart due to the additional degrees of freedom. The Bethe-ansatz method was further applied to three-component systems in one dimension, such as three-component bosons and Bose-Fermi mixtures [8] . The ground state of the latter system is shown to be the state with merely bosons.
The Freshbach resonance which couples the close channel and open channel makes the conversion of ultracold atoms into molecules possible. It is difficult to cool molecular gas directly, so such a technique plays an important role in the realization of molecular BECs. Additionally, the stimulated Raman adiabatic passage (STIRAP) technique is also considered to convert atoms into molecules [9, 10] . Although the STIRAP technique can create stable molecules rather than the bare Feshbach resonance, the two techniques can both provide cubic power terms in the Lagrangian, which makes the multi-component system present more fascinating pictures.
Here, we consider a four-component system with the atom-to-molecule conversion via the technique of STIRAP aided by Feshbach resonance. In next section, we give the general model. In Sec. 3, we discuss some concrete systems. First, taking 40 K-87 Rb mixture as an example and assuming the existence of a coherent population trapping (CPT) state, we numerically study the atom-to-molecule conversion efficiency of the system. The fidelity is also used to characterize the property of the system and to reflect the relation between the atom-to-molecule conversion efficiency and the adiabatic property of the system. Second, we discuss the system consisting of fermionic atoms in different hyperfine states and their compounded molecules. Our main conclusions are summarized in the last section. 
where
) represents the complex probability amplitude of the ith componet and
Here the coefficients
2 a ij /m ij are the interaction strengths between particles with a ij being the s-wave scattering length and m ij = m i m j /(m i + m j ) being the reduced mass.
Concrete examples 3.1. Fermi-Bose atomic mixture and molecules
For the case of conversion of Fermi-Bose mixture into molecules, the system consists of one bosonic component and three fermionic components, then the dynamical equations is written as
where an overhead dot refers to the derivation with respect to time and γ is a phenomenological parameter introduced to characterize the decay of quasibound molecules. and 87 Rb atoms as well as their compounded molecules as an example, we solve numerically Eqs. (2) and show the main result in Fig. 1 . In the numerical calculation, the time-dependent Rabi frequency is chosen as Ω(t) = Ω max 1 − tanh
, where Ω max , t 0 and τ are constants to be determined by the laser coupling of the two molecular states. Additionally, we assume there are no molecules in the system at the initial time and ∆ evolves according to the corresponding resonance condition given in Ref. [11] . The magnitudes of the parameters (such as λ ij , A i , E and α) affecting the atom-to-molecule conversion efficiency are determined by means of the method in Ref. [11] . From Fig. 1 , we can find that about 60% atoms can be converted into molecules if there is no decay of the quasibound molecules. Although such a conversion efficiency is higher than that of the bare Feshbach resonance, one can improve the conversion efficiency of STIRAP technique through optimizing the parameters of the system. Figure 2 . Time dependence of fidelity of the CPT state for different γ. The parameter choice is the same as in Fig.1 As we know [12, 13, 14] that the success of the STIRAP technique requires that there exists a CPT state that can be adiabatically followed. In Ref. [13] , we gave the definition of the fidelity for multi-component systems with atom-to-molecule conversion and showed that the adiabatic property relating to the atom-to-molecule conversion efficiency can be characterized by the adiabatic fidelity which is defined as
Based on this expression, we numerically calculate the adiabatic fidelity of the CPT state. The result is plotted in Fig. 2 . From this figure, one can see that the magnitude of fidelity remains about 1 until the time t = 275/α, which implies that during this time the CPT state can be followed adiabatically. However, after t = 275/α the value of fidelity becomes much smaller than 1, which implies that the system deviates away from the CPT state at that time. So one can improve the conversion efficiency by optimizing the parameters to achieve a higher adiabatic fidelity. 6 Li atoms, the atom-to-molecule conversion efficiency via the STIRAP technique aided by Feshbach resonance is higher than that via the bare Feshbach resonance, which is in contrast to the case for 40 K atoms.
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